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ABSTRACT
We use a background quasar to detect the presence of circumgalactic gas around a z = 0.91 low-mass star-
forming galaxy. Data from the new Multi Unit Spectroscopic Explorer (MUSE) on the Very Large Telescope
show that the galaxy has a dust-corrected star formation rate (SFR) of 4.7± 2.0 M yr−1, with no companion
down to 0.22 M yr−1 (5 σ) within 240 h−1 kpc (30′′). Using a high-resolution spectrum (UVES) of the
background quasar, which is fortuitously aligned with the galaxy major axis (with an azimuth angle α of only
15◦), we find, in the gas kinematics traced by low-ionization lines, distinct signatures consistent with those
expected for a “cold-flow disk” extending at least 12 kpc (3 × R1/2). We estimate the mass accretion rate
M˙in to be at least two to three times larger than the SFR, using the geometric constraints from the IFU data
and the H I column density of logNH I/cm−2 ' 20.4 obtained from a Hubble Space Telescope/COS near-UV
spectrum. From a detailed analysis of the low-ionization lines (e.g. Zn II, Cr II, Ti II, Mn II, Si II), the accreting
material appears to be enriched to about 0.4 Z (albeit with large uncertainties: logZ/Z = −0.4 ± 0.4),
which is comparable to the galaxy metallicity (12 + log O/H = 8.7± 0.2) implying a large recycling fraction
from past outflows. Blueshifted Mg II and Fe II absorptions in the galaxy spectrum from the MUSE data reveals
the presence of an outflow. The Mg II and Fe II doublet ratios indicate emission infilling due to scattering
processes, but the MUSE data do not show any signs of fluorescent Fe II* emission.
Subject headings: galaxies: evolution — galaxies: formation — galaxies: intergalactic medium — quasars:
individual: SDSSJ142253.31−000149
1. INTRODUCTION
A number of indirect arguments imply that galaxies are fed
by the accretion of intergalactic gas throughout their evolu-
tion. For instance, the amount of cold gas present in local and
distant galaxies is barely enough to sustain their star forma-
tion rates (SFRs) for another Gyr or so (e.g. Leroy et al. 2008;
* Based on observations made at the ESO telescopes under program
080.A-0364 (SINFONI), 079.A-0600 (UVES) and as part of MUSE com-
missioning (ESO program 060.A-9100). Based on observations made with
the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope
Science Institute, which is operated by the Association of Universities for
Research in Astronomy, Inc., under NASA contract NAS 5-26555. These
observations are associated with program ID 12522.
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Freundlich et al. 2013; Tacconi et al. 2013; Saintonge et al.
2013). Another indirect argument comes from the metallicity
distribution of G-stars in the Milky Way, which is not consis-
tent with what one finds with ‘closed-box’ chemical evolution
models unless some fresh gas infall is invoked (Lynden-Bell
1975; Pagel & Patchett 1975). This is often referred to as the
G-dwarf problem (van den Bergh 1962; Schmidt 1963). The
very mild evolution of the cosmic neutral density ΩH I for
damped Lyα absorbers (e.g. Pe´roux et al. 2003; Noterdaeme
et al. 2012; Crighton et al. 2015, and references therein) to-
gether with the rapid evolution of the stellar cosmic density,
is another indirect argument for continuous replenishment of
galaxy reservoirs.
In numerical simulations, accretion of intergalactic gas (via
the cosmic web) originates from the growth of dark matter
halos which pulls the cold baryons along. In galaxies with
luminosities less than L∗, this process is expected to be very
efficient owing to the short cooling times in these halos (White
& Frenk 1991; Birnboim & Dekel 2003). This process is
expected to lead to distinct signatures in absorption systems
with NH I of 10
17 to 1021 cm−2 seen in background quasar
sightlines (Dekel et al. 2009; Kimm et al. 2011b; Fumagalli
et al. 2011, 2014; Stewart et al. 2011a; Goerdt et al. 2012;
van de Voort & Schaye 2012). Once inside the galaxy dark
matter halo, the accreted gas is expected to orbit the galaxy,
delivering not just fuel for star formation but also angular
momentum (Stewart et al. 2011a; Danovich et al. 2015). In
this context, the accreting material coming from the large-
scale filamentary structure should co-rotate with the central
disk, forming a warped, extended gaseous structure (Pichon
et al. 2011; Kimm et al. 2011a; Danovich et al. 2012, 2015;
Shen et al. 2013), sometimes referred to as a “cold-flow disk”
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(Stewart et al. 2011a, 2013). In the local universe, such large
gaseous disks are often seen around galaxies in H I 21cm sur-
veys, where the H I disk extends 2–3 times beyond the stel-
lar radius as in the M33 low surface brightness disk (Putman
et al. 2009), and the more massive M81 (Yun et al. 1994)
and M83 galaxies (Huchtmeier & Bohnenstengel 1981; Bigiel
et al. 2010), among others. The kinematics of this H I gas in
the outer parts show that it is systematically rotating in the
same direction as the central object.
These gaseous structures ought to produce distinct kine-
matic signatures in absorption systems, as argued by Stew-
art et al. (2011a, 2013). The infalling gas kinematics is
expected to be offset from the galaxy’s systemic velocity
when observed in absorption along background quasar sight-
lines (Stewart et al. 2011a) because the gas is not rotation-
ally supported. These expected signatures are testable against
observations with suitably located background sources such
as background quasars (Bouche´ et al. 2013) or background
galaxies (Diamond-Stanic et al. 2015).
Bouche´ et al. (2013) presented a first comparison of such
inflow kinematics in a z ' 2.3 galaxy–quasar pair toward
the quasar HE 2243−60. The apparent location of this back-
ground quasar (and the one presented in this study) is fortu-
itously aligned with the galaxy major axis. This configura-
tion is the most favorable situation to look for such inflow
kinematic signatures since it removes deprojection ambigui-
ties and the geometry allows to rule out any outflow interpre-
tation. The data presented in Bouche´ et al. (2013) showed ob-
servational signatures similar to theoretical predictions (Stew-
art et al. 2011a; Shen et al. 2013; Danovich et al. 2015). If
the accreting material coming from the large-scale filamen-
tary structure forms a roughly co-planar structure around the
galaxy with an azimuthal symmetry, one can infer the amount
of gas involved in the process and hence the accretion rate.
The z ' 2.3 galaxy in Bouche´ et al. (2013) was found to
have an SFR of ∼30 M yr−1 and an accretion rate of 30–60
M yr−1.
Other kinematic evidence of gas inflows from red-shifted
absorption lines in galaxy spectra has been reported by Mar-
tin et al. (2012) and Rubin et al. (2012); however, these stud-
ies lack the critical information on the spatial location of the
infalling material with respect to the host. The recent IFU
observations of Martin et al. (2015) of a giant Lyα-emitting
filament around a high-redshift quasar (Cantalupo et al. 2014)
provide possible evidence for kinematics compatible with a
large (220 kpc in radius) gaseous rotating disk.
In this paper, we use a quasar–galaxy pair toward the quasar
SDSS J142253.31−000149 (hereafter SDSS J1422−00) to
search for the kinematic signatures of gas inflows. This
quasar is selected from our SINFONI Mg II Program for Line
Emitters (SIMPLE) survey (Bouche´ et al. 2007, hereafter Pa-
per I). The SIMPLE survey consists of a search for galaxies
around strong z ∼ 0.8–1.0 Mg II absorbers selected from the
Sloan Digital Sky Survey (SDSS) database with rest-frame
equivalent widths Wλ2796r >2 A˚ using the IFU SINFONI. In
Schroetter et al. (2015, hereafter Paper II), we analyzed the
quasar apparent location with respect to the host kinematic
axis using our GalPaK3D algorithm (Bouche´ et al. 2015) and
found that this quasar is also fortuitously aligned with the host
galaxy’s major axis, as in the z ∼ 2 pair discussed in Bouche´
et al. (2013), at an impact parameter of 12 kpc (1.′′4) from
the host. This fortuitous alignment makes this quasar–galaxy
pair an excellent candidate to study the properties of cold-flow
TABLE 1
OBSERVATIONS SUMMARY
Instrument Setting Texp PSF Date of Observation
VLT/UVES 390+564 9000s 1.′′0 2007 Apr. 12, 14
VLT/SINFONI J250 9600s 0.′′8 2008 Feb 15, 25
2008 Mar. 14
VLT/MUSE WFM-NOAO-N 7200s 0.′′6 2014 May 06
HST/COS G230L 11290s — 2013 Jan. 25
For each instrument we show the setting used, the exposure time, the
point-spread function (PSF) FWHM, and the dates of the observations.
disks.
In order to test the capabilities of the new Multi Unit Spec-
troscopic Explorer (MUSE) instrument (Bacon et al. 2006,
2010, 2015) on the Very Large Telescope (VLT), this field was
observed during the second commissioning run on 2014 May
6. These observations, covering [O II] and Hβ, complement
the Hα+[N II] observations of SINFONI, allowing us to con-
strain the interstellar medium (ISM) metallicity. We also have
a deep high-resolution VLT/UVES (Ultraviolet and Visual
Echelle Spectrograph) spectrum of the background quasar and
a near-UV (NUV) spectrum obtained with the G230L grat-
ing of the Cosmic Origin Spectrograph (COS) on board the
Hubble Space Telescope (HST), allowing us to constrain the
metallicity of the absorbing material. Furthermore, the UVES
kinematics yield insights into the physical nature of the gas
and show similar features to those in the hydrosimulations of
Stewart et al. (2011a) and Shen et al. (2013).
In Section § 2, we present the observations obtained with
the VLT/MUSE instrument (§ 2.1) and the HST/COS spec-
tra (§ 2.2). In Section §3, we present ancillary SINFONI and
UVES data obtained on this quasar–galaxy pair. In Section §4,
we present the analysis of the IFU data at hand (MUSE and
SINFONI), with respect to the host galaxy, namely, its SFR
and its emission kinematics. In Section §5, we present the
analysis of the properties of the circumgalactic gas. Through-
out this paper, we use the standard ΛCDM cosmology with
the parameters Ωm = 0.3, ΩΛ = 0.7, and a Hubble constant
H0 = 100 h km s−1 Mpc−1 with h = 0.7.
2. NEW OBSERVATIONS
2.1. VLT/MUSE
This z = 1.08 quasar was observed with the new wide-
field (1′ x 1′) IFU for the VLTs (MUSE, Bacon et al. 2010)
during the second commissioning run on 2014 May 6 under
good seeing conditions (FWHM∼0.′′6) for 2 hr, in 4× 30 min
exposures (Table 1). The data were reduced with the MUSE
pipeline 15 v1.0 with standard settings. We used the bias, flat-
field calibrations, and arc lamp exposures taken during the day
for that night. The wavelength solution is calibrated on the air
scale. To minimize flat-field errors from spatial shifts related
to temperature changes during the night, we only use the flat
fields that were taken when the temperature was within±0.5◦
C from the ambient temperature of the observations (mean
of 15.1◦ C). We used four twilight flats, each rotated at 90◦,
and corrected for vignetting using the vignetting mask. With
these calibrations, we processed the raw science data using
the MUSE recipes scibasic and scipost with the sky removal
option turned off to produce data cubes and pixel tables for
each of the four exposures.
The individual exposures were registered using the point
15 A short description of the pipeline is given in Weilbacher et al. (2012).
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FIG. 1.— Color image made from three broadband images (V , R and I) extracted from the MUSE data cube showing the entire 1′x1′ field of view. The QSO
location is indicated by the cross. Galaxies with secure redshifts are labeled with white circles. Circles with no label indicate that an emission line is present, but
the redshift identification is not secure. Table 2 lists all of the sources found in the field.
sources in the field, ensuring accurate relative astrometry, as
significant shifts of a few tens of arcsecs can occur owing to
the spatial shifts introduced by the derotator wobble between
exposures. The pixel tables from the individual exposures
were then combined to a single data cube produced using a
3-dimensional (3D) drizzle interpolation process. The MUSE
data cube is sampled to a common grid (0.′′2×0.′′2×1.25 A˚)
and the final wavelength solution is calibrated on air and cor-
rected for the heliocentric velocity. The cube is available at
this URL: http://muse-vlt.eu/science/j1422.
We checked the wavelength solution against the wavelength
of OH lines and found it to be accurate within 10 km s−1. We
forced the final astrometry solution to match the SDSS coordi-
nates using the point sources in the field. The sky subtraction
was performed on the combined exposure with the Zurich At-
mosphere Purge (ZAP) principal component algorithm devel-
oped by Soto et al. (2016), which was designed to remove OH
line residuals. The flux calibration was obtained from obser-
vations of the spectrophotometric standard star GD 108. The
night was photometric, and we cross-checked the flux mea-
surements against the SDSS magnitudes by fitting a Moffat
function to the stars in the field in reconstructed images ob-
tained with the SDSS filter curves. We found no difference
between the SDSS magnitudes and our measurements greater
than 0.01 magnitude.
From the noise in the data at the expected wavelength
of [O II] (∼7118 A˚), 2.3 × 10−20 erg s−1 cm−2 A˚−1 (1σ)
per pixel, we estimate a surface brightness limit of 1.5 ×
10−18 erg s−1 cm−2 arcsec−2 (1σ) for emission-line objects
(FWHM = 2.14×1.25 A˚), which corresponds to a flux limit of
6× 10−19 erg s−1 cm−2 (1σ) for an unresolved line emitters
at 0.′′7 seeing. For the [O II] doublet, the flux limit is twice
this value, or ∼ 1.2 × 10−18 erg s−1 cm−2 (1σ). Hence,
our 5σ limit for unresolved [O II] emitters at z ≈ 0.91 cor-
responds to a SFR of 0.22 M yr−1 using the Kewley et al.
(2004) calibration with no dust-reddening (as in Section 4.3).
The flux limit for an unresolved continuum emission (3 × 3
spaxel) is∼ 8×10−20 erg s−1 cm−2 A˚−1 (1σ) corresponding
to ∼25.8 (24.7; 3σ) AB-magnitudes at 7100 A˚. Note that the
MUSE sensitivity is weakly dependent on wavelength, out-
side regions affected by sky emission lines.
Figure 1 shows the MUSE data, with a color image made
from three broadband images (V ,R, and I) extracted from the
data cube. The quasar location is represented by the cross. For
completeness, we have searched for all galaxies using both
4 Bouche´ N. et al.
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FIG. 2.— Pseudo-narrowband image (7110—7120 A˚) of the MUSE field made at the expected wavelength of [O II] for the redshift (z ∼ 0.9096 ± 0.0001) of
the strong Mg II absorber with Wλ2796r = 3.2 A˚. The quasar location is marked by the black circle, which has a radius of 1
′′. There are two [O II] emitters, one
at an impact parameter of 12 kpc (1.′′4) and another at an impact parameter of 315 kpc (40.′′5) in the NW corner. The faint feature to the west of the quasar is
merely residuals from the continuum subtraction of a star. The 5′′x5′′ black square box represents the subfield that will be used in Figure 6 and in the top inset.
The top subpanel shows a narrowband image (7110–7120 A˚) with the QSO PSF removed (see text for the details). The middle subpanel shows the spectra around
[O II] at the three labeled positions prior to the QSO PSF subtraction, revealing the [Ne V]λ3425 emission from the QSO. The bottom subpanel shows the spectra
(in units of 10−20 erg s−1 cm−2 A˚−1) around [O II] at the three labeled positions after the QSO PSF subtraction. The three spectra (blue, green, and red) are
from the three positions labeled 1–3 in the top inset, corresponding to the quasar location (“1”), the overlap region (“2”) and the center of the galaxy (“3”).
a visual inspection of the cube and a SExtractor-based algo-
rithm (MUSE Line Emission Tracker [MUSELET], Richard
et al., in prep.), and we found 41 galaxies with emission or
absorption lines, of which 37 have a reliable redshift. The co-
ordinates and redshifts of these galaxies are listed in Table 2,
and their locations are shown in Figure 1 with the redshifts
labeled.
Here we are only interested in galaxies with redshifts com-
parable to the Mg II absorption redshifts at z ≈ 0.91, and
the MUSE field of view (1′×1′) allows us to investigate
whether the Mg II absorption could be associated with other
host galaxies that would have fallen outside the SINFONI
field of view (8′′×8′′). Figure 2 shows a pseudo-narrowband
image centered on the expected [O II] wavelength of 7110–
7120 A˚ (8 spectral pixels) with a linear continuum subtrac-
tion from the MUSE data, where the quasar SDSS J1422−00
is marked by the cross and black circle. Only two [O II] emit-
ters are detected, one at an impact parameter of only b =1.′′45
(∼12 kpc) and another at 40.′′5 (∼ 315 kpc) in the NW cor-
ner of the field. The second one is at a large distance (about
3.3× Rvir), implying that it is likely unrelated to the absorb-
ing gas. There are no other [O II] emitters within±5000 km/s
down to 0.22 M yr−1 (5σ), and the objects visible in white
correspond to imperfect continuum subtraction of stellar ob-
jects with strong continuum slopes.
2.2. HST/COS
In order to characterize the H I gas column density probed
by the background quasar, we obtained a spectrum of the
quasar with the NUV G230L grating of the HST/COS instru-
ment (Cycle 19, program ID 12522, PI: N. Bouche´) covering
the Lyα λ1216 transition at λobs = 2321 A˚. The HST/COS
spectrum was obtained on 2013 January with four orbits for
a total exposure time of Texp = 11, 290 s (Table 1). The
spectrum has a resolution of R ∼ 2900 In the wavelength
range 2100–2550 A˚ of stripe A of the G230L grating. The
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TABLE 2
MUSE SOURCES IN THE SDSSJ1422−00 FIELD
ID R.A. Decl. Redshift Lines
obj029 14:22:51.619 -00:01:14.53 · · · 7619
obj042 14:22:51.640 -00:01:39.43 1.176 [O II]
obj035 14:22:51.645 -00:01:36.24 1.406 [O II]
obj028 14:22:51.726 -00:01:16.13 0.909 [O II]
obj033 14:22:51.979 -00:02:09.13 1.130 [O II]
obj006 14:22:51.993 -00:01:17.93 3.224 Lyα
obj008 14:22:52.113 -00:01:33.33 · · · 5160.
obj032 14:22:52.166 -00:01:30.53 1.100 [O II]
obj039 14:22:52.219 -00:01:53.13 0.266 [O III],Hβ
obj023 14:22:52.233 -00:02:02.33 0.811 [O II],[O III],Hβ
obj034 14:22:52.339 -00:02:09.73 1.259 [O II]
obj003 14:22:52.379 -00:02:07.94 0.345 Hα,Hβ,[O III],[O II]
obj004 14:22:52.526 -00:02:08.73 0.345 Hα,Hβ,[O III],[O II]
obj036 14:22:52.606 -00:01:42.33 1.405 [O II]
obj037 14:22:53.061 -00:01:52.14 1.407 [O II]
obj007 14:22:53.086 -00:01:35.33 3.227 Lyα
obj031 14:22:53.099 -00:01:46.33 1.059 [O II]
obj027 14:22:53.233 -00:01:49.93 0.909 [O II]
obj014 14:22:53.245 -00:01:16.94 0.600 [O II],[O III],Hβ
obj024 14:22:53.246 -00:01:59.93 0.839 [O II],[O III],Hβ
obj002 14:22:53.511 -00:01:50.34 0.345 Hα,[N II],[O III],Hβ,[O II]
obj019 14:22:53.633 -00:01:56.73 0.309 CaHK
obj011 14:22:53.659 -00:02:07.93 0.575 [O II],[O III],Hβ,Hg...
obj022 14:22:53.659 -00:01:36.53 0.340 [O III],Hβ,
obj015 14:22:53.753 -00:01:23.13 0.652 [O II],[O III]
obj018 14:22:53.873 -00:01:57.14 0.334 CaHK
obj025 14:22:54.246 -00:01:30.93 0.859 [O II]
obj038 14:22:54.353 -00:01:45.33 0.996 [O II]
obj026 14:22:54.366 -00:02:03.93 0.512 [O II],[O III],Hβ
obj001 14:22:54.499 -00:01:24.74 0.188 Hα,[S II],[N II],[O III]
obj005 14:22:54.619 -00:01:54.33 3.122 Lyα
obj021 14:22:54.633 -00:01:25.13 0.676 [O II],[O III],Hβ
obj012 14:22:54.753 -00:01:24.73 0.600 [O II],[O III],Hβ
obj016 14:22:54.766 -00:01:18.33 3.086 Lyα
obj030 14:22:54.766 -00:01:53.33 1.043 [O II]
obj009 14:22:54.806 -00:02:00.33 · · · 5528.
obj010 14:22:54.953 -00:01:38.53 0.513 [O II],[O III],Hβ,Hg...
obj017 14:22:55.193 -00:01:22.33 0.588 CaHK
obj020 14:22:55.233 -00:01:29.13 0.675 [O II],CaHK
obj040 14:22:55.587 -00:01:34.83 0.641 [O II],[O III]
obj041 14:22:55.340 -00:01:52.13 · · · 8438
For each source, we list the J2000 coordinates, the redshift, and the line(s)
used in securing the redshift. When the line is unique or its shape
ambiguous, we list the observed wavelength in A˚.
final spectrum was reduced with the COS calcos (Kaiser et al.
2008) pipeline and has a signal-to-noise ratio (SNR) of ∼ 3
around the wavelength of the redshifted Lyα absorption line.
3. ANCILLARY DATA
3.1. VLT/SINFONI
The original VLT/SINFONI data covering the quasar
J1422−00 (Paper I) revealed the host galaxy at z =
0.9096 ± 0.0001 in shallow (40-minute integration time) ex-
posures. We reobserved the field with SINFONI for 2.6hr
in 2008 (Table 1). In paper II, we presented the analysis
of these VLT/SINFONI data of this field along with the 13
other quasar fields making the SIMPLE sample. The data re-
duction was performed as in paper I and Fo¨rster Schreiber
et al. (2009), using the SINFONI pipeline (SPRED, Schreiber
et al. 2004; Abuter et al. 2006) and complemented with cus-
tom routines for OH sky-line removal (Davies 2007) and us-
ing the Laplacian edge cosmic-ray removal technique of van
Dokkum (2001). The SINFONI data cube is sampled at
0.′′125×0.′′125×1.4 A˚ and the wavelengths are calibrated on
the vacuum scale.
3.2. VLT/UVES
As part of the SIMPLE survey, the quasar was observed om
2007 (Table 1) with the high-resolution VLT/UVES spectro-
graph. The VLT/UVES data were taken with the 390+564
nm central wavelength setting. The data were reduced using
version 3.4.5 of the UVES pipeline in MIDAS, and the data
reduction details were presented in Paper II.
4. HOST GALAXY PROPERTIES
4.1. QSO PSF Subtraction
Given the small impact parameter (1.′′4), the quasar con-
tinuum emission overlaps spatially with the Mg II-absorber
galaxy emission (see Figure 2). We therefore need to care-
fully remove the quasar continuum in the MUSE data before
performing any detailed kinematic analysis. The continuum
subtraction task is complicated by an [Ne V]λ3425 emission
from the QSO, which appears at around the same wavelength
(7115 A˚) as the [O II]λλ3727, 3729 doublet from the host
galaxy.
To remove the QSO continuum that overlaps with the [O II]
emitter, we constructed a 3D PSF using the PampelMuse al-
gorithm (Kamann et al. 2013) to interactively and simultane-
ously fit the QSO continuum and the PSF. We then removed
this 3D PSF from the cube. The resulting narrowband image
is shown in the top right subpabel of Figure 2. The other two
subpanels in Figure 2 show three spectra taken at the three
positions labeled in the first inset before (middle) and after
(bottom) the 3D PSF subtraction. These spectra show that the
[O II] emission in the overlap region (“2”) becomes clearly
apparent after the PSF subtraction.
4.2. Host galaxy redshift
Much of the analysis presented in the following sections de-
pends on the redshift of the host and its accuracy. Therefore,
we use several methods to cross-check our measurements and
remove possible systematic errors. As in paper II, we deter-
mine the redshift from the mean wavelength of the reddest
and the bluest parts of the [O II] emission (along the kine-
matic major axis) and from a pseudo-long slit aligned with
the kinematic major axis. We also estimated the redshift from
Hα in the SINFONI data using a similar technique and found
z ' 0.9096 (Paper II).
Figure 3 shows the pseudo-long slit 2-dimensional spectra
extracted from the MUSE QSO-subtracted data cube with a
1′′ slit passing through the location of the QSO and the galaxy.
The continuum trace of the galaxy is visible at an impact pa-
rameter of ∼ 1.′′45 (12 kpc) and is marked by the horizon-
tal line. The best redshift from the [O II] MUSE data is esti-
mated from the reddest [O II] component (λ3728.8 A˚), whose
kinematic center appears to be at 7120.5 A˚, corresponding to
0.9096 ± 0.0001. The global kinematic fit discussed in the
next section yields a redshift consistent with this value.
Hence, we adopt a systemic redshift of the Mg II host galaxy
of 0.9096 ± 0.0001.
4.3. Fluxes, SFR
Our VLT/SINFONI data toward the zqso = 1.083 quasar
SDSS J1422−00 already revealed the host galaxy of the
strong Mg II absorber with Wλ2796r = 3.2 A˚ at z ' 0.9096
6 Bouche´ N. et al.
7110 7115 7120 7125 7130
λobs ( )
-3
-2
-1
0
p 
("
)
FIG. 3.— Position-velocity (p− v) diagram extracted from the MUSE data
along a pseudo-longslit spectrum around the [O II] emission line covering
both the QSO and galaxy location (PA = 55◦) where the QSO PSF was
subtracted as described in § 4.1. The QSO trace position is at y = 0, and the
galaxy trace is seen at an impact parameter of∼ 1.′′4 (12 kpc). For the reddest
transition of the [O II] doublet, at λrest = 3728.8 A˚, the galaxy systemic
velocity is found at ∼7120.5 A˚, corresponding to z = 0.9096 ± 0.0001.
(Papers I, II), whose Hα flux of 9.0±0.1·10−17 erg s−1 cm−2
corresponds to an observed SFRHα of 2.8±0.2 M yr−1 as-
suming a Salpeter initial mass function (IMF) from 0.1 to
100 M and applying no dust correction. With an extinc-
tion of E(B − V ) = 0.1 (see below), the intrinsic SFR
is found to be 3.5±0.2 M yr−1. The SINFONI data did
not reach the sensitivity required to detect the [N II] emis-
sion, but our data did allow us to obtain a 2σ upper limit of
f[N II] < 3× 10−17 erg s−1 cm−2.
From the VLT/MUSE data, we find (top two panels in Fig-
ure 4) that the [O II] flux is 1.1 ± 0.2 × 10−17 erg s−1 cm−2
and the Hβ flux is 3.3 ± 0.3 × 10−17 erg s−1 cm−2. We do
not detect [O III]λ4363, which leads to a 2σ upper limit of
< 1 × 10−18 erg s−1 cm−2. These total flux measurements
(summarized in Table 3) were obtained from the global 3D
line fitting to the MUSE data described in the next section
(§4.5). We also used the traditional ‘growth curve’ technique
to verify these values. The [O II] luminosity corresponds to a
SFR[O II] of 3.0±0.1 M yr−1 using the revised calibration
of Kewley et al. (2004) which makes no assumption about
reddening.
Taking the Hα and Hβ fluxes at face value, i.e. ignoring
possible systematics in the flux calibration between MUSE
(accurate to 0.01 mag) and SINFONI (accurate to 0.15 mag
or 15%), the extinction is E(B − V ) = 0.1 ± 0.1 from the
Balmer decrement. Using the Balmer decrement for the red-
dening, the extinction at [O II] is 0.5 mag, yielding an intrin-
sic SFR (SFR0) of around 4.7 ± 2.0 M yr−1 for a Salpeter
IMF ranging from 0.1 to 100 M 16. The flux ratio [O II]/Hα
16 The SFR0 would be ≈ 5.0 M yr−1 using the original Kennicutt
(1998) calibration, which includes a dust correction.
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FIG. 4.— MUSE spectrum. The black solid lines show the galaxy spectrum
extracted from the MUSE data cube in a circular aperture of 0.′′6 in radius.
The red solid lines show the background quasar spectra extracted from the
MUSE data cube in a circular aperture with radius 0.′′6. The panels show the
Hβ and [O II] emission and the Mg I, Mg II, and Fe II absorption, from top to
bottom, respectively. In all panels, the systemic redshift (0.9096 ± 0.0001;
see text) is represented by the vertical dotted line. The UVES quasar spec-
trum for Mg I is shown for comparison in the middle Mg I panel, after con-
verting the UVES spectra to air wavelengths. The Mg I and Mg II absorp-
tions in the background quasar are redshifted with respect to the galaxy sys-
temic velocity. A two-component fit (see § 4.6) reveals that the Mg II ab-
sorption in the galaxy spectrum (second panel from bottom) is blueshifted by
vout ' −80±15 km s−1 with respect to the systemic velocity shown by the
vertical dotted line, with a tail up to −150 km s−1. The Fe IIλλ2587, 2600
absorption (bottom panel) is consistent with the Mg II profile. The line ra-
tios of the Fe II and Mg II doublets support the presence of infilling emission,
but the spectrum does not reveal any signs for fluorescent Fe II* emission as
discussed in § 4.6.
(≈ 1) and our low dust estimate are entirely consistent with
the observations of local galaxies from Sobral et al. (2012)
and Kewley et al. (2004), which showed that the [O II]/Hα
ratio is strongly dependent on the Balmer decrement, with
[O II]/Hα around ∼ 1 where the Balmer decrement Hα/Hβ
is ∼ 3, as in our data.
Hence, the SFR estimates from Hα and [O II] are consistent
with each other, and we adopt an SFR of 4.7 ± 2.0 M yr−1
for a Chabrier (2003) IMF. Table 4 summarizes the extinction
and SFR measurements. Using the galaxy half-light radius of
R1/2 = 4.0± 0.2 kpc found in § 4.5, the SFR surface density
is ΣSFR ' 0.05±0.02 M yr−1 kpc−2, where the uncertainty
is dominated by the SFR uncertainties.
4.4. Metallicity
From the nebular line ratios, [N II]/Hα and [O II]/Hβ (Ta-
ble 3), we can constrain the galaxy metallicity. Figure 5
shows the likelihood contours allowed by the data from the
[N II]/Hα and [O II]/Hβ measurements, yielding an extinc-
tion consistent with zero. This is driven by the [O II]/Hβ ratio
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TABLE 3
HOST GALAXY EMISSION AND ABSORPTION LINES
Flux Instrument
( erg s−1 cm−2)
fHα,6564 (9.0± 0.1) × 10−17 VLT/SINFONI
f[N II],6583 < 3× 10−17 (2 σ) VLT/SINFONI
f[O II],3727 (1.1± 0.2)× 10−16 VLT/MUSE
fHβ,4861 (3.3± 0.3)× 10−17 VLT/MUSE
f[O III],4363 < 1× 10−18 (2 σ) VLT/MUSE
Wr
(A˚)
Mg II λ2796 3.5 ± 0.4 VLT/MUSE
Mg II λ2803 3.7 ± 0.4 VLT/MUSE
Mg II λ2587 2.5 ± 0.4 VLT/MUSE
Fe II λ2600 3.9 ± 0.4 VLT/MUSE
Fe II* λ2612 < 0.8 (2 σ) VLT/MUSE
Fe II* λ2626 < 0.8 (2 σ) VLT/MUSE
Fe II* λ2632 < 0.8 (2 σ) VLT/MUSE
TABLE 4
GEOMETRY AND GALAXY DERIVED PROPERTIES
Quasar b (kpc) 12 (1.′′4)
gal-qso P.A. (◦) 56 ± 2
gal. P.A.(◦) 71 ± 3
α (◦) 15 ± 2
gal. incl. (◦) 60 ± 2
E(B − V ) 0.1 ± 0.1 a
SFRHα,obs(M yr
−1) 2.8 ± 0.2 b
SFRHα,0(M yr
−1) 3.5 ± 2.0 c
SFR[O II],obs(M yr
−1) 3.0 ± 0.2 b
SFR[O II],0 (M yr
−1) 4.7 ± 2.0 c
SFR[O II],0 (M yr
−1) 2.5 ± 1.0 d
ΣSFR (M kpc−2) 0.05
log(N/O) −1.3 ± 0.3 e (< −0.9) f
12 + log(O/H) 8.7 ± 0.2 g
R1/2 (kpc) 4 ± 0.2
Rvir (kpc) 90 ± 5
Vmax (km s−1) 110 ± 10
Mdyn(< R1/2) (1010M) 2 ± 0.4
Mh (1011M) 1.9 ± 0.5
Mbar (1010M) 0.5 ± 0.1
λgal 0.04
Vwind (km s−1) 100–150
M˙wind (M yr−1) 0.5–5
Rin (kpc) ≥ 12
Vin (km s−1) ≈100
M˙in (M yr−1) ≈10
λcfd > 0.06
aFrom the Hβ/Hα flux ratio.
bFor a Salpeter IMF from 0.1 to 100 M.
cFor a Salpeter IMF from 0.1 to 100 M with E(B − V ) = 0.1.
dFor a Chabrier (2003) IMF from 0.1 to 100 M with E(B − V ) = 0.1.
eFrom Pe´rez-Montero (2014).
fUsing [N II]/[O II] from Pe´rez-Montero & Contini (2009).
gUsing [O II]/Hβ from Maiolino et al. (2008).
being already above the maximum value between [O II]/Hβ
and metallicity (e.g. Maiolino et al. 2008), and any dust red-
dening will increase this ratio further, implying that the global
fit yields no additional constraint on dust reddening. In the
previous section, we argued that E(B − V ) ' 0.1 from the
Balmer decrement, which is shown by the white circle in Fig-
ure 5. Hence, the relation between the [O II]/Hβ ratio and
metallicity imposes a metallicity 12 + log O/H = 8.7 ± 0.2,
TABLE 5
HOST GALAXY KINEMATICS
Hα [O II] Hβ
Seeing (arcsec) 0.78 0.55 0.55
S/N pix−1 (max) 4.8 45 19
R1/2 (kpc) 4.0 ± 0.2 3.9 ± 0.2 2.7 ± 0.3
incl. (◦) 57 ± 2 61 ± 2 41 ± 2
P.A. (◦) 80 ± 2 71 ± 2 75 ± 3
Vmax (km s−1) a 123 ± 5 100 ± 10 105 ± 10
rt (kpc) 1.5 1.5 1.5
σo (km s−1) 42 ± 5 34 ± 2 32 ± 3
These morphological and kinematic parameters are determined from our 3D
fits using our GalPaK3D algorithm.
aWith the turnover radius rt fixed to 1.5 kpc.
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FIG. 5.— Likelihood contours for the metallicity using the [N II]/Hα and
[O II]/Hβ constraints withE(B−V ) set to 0.10 determined from the Balmer
decrement. The contours show that the metallicity estimate 12+log O/H =
8.7 ± 0.2 is robust against errors in the extinction estimate, because the
[O II]/Hβ ratio is sampling the peak of the relation between [O II]/Hβ and
metallicity.
regardless of the extinction value 17, at the peak of the re-
lation between [O II]/Hβ and metallicity. Hence, the metal-
licity estimate is robust against the reddening estimate as il-
lustrated by the contours in Figure 5. Systematic uncertainty
remains in the metallicity absolute calibration, as the metal-
licity might depend on the N/O abundances, as argued by
Pe´rez-Montero & Contini (2009) and Pe´rez-Montero et al.
(2013). We conclude that the ISM of this galaxy is enriched
at a metallicity logZ/Z = 0.0 ± 0.2 using the solar value
12 + log O/H =8.7 for oxygen (Asplund et al. 2009).
Spatial variations of the [O II]/Hβ flux ratio might indicate
the presence of a metallicity gradient. However, the weaker
Hβ line has a smaller S/N than [O II] and falls at 9280 A˚,
close to the end of the wavelength coverage of MUSE, where
the MUSE sensitivity drops sharply. Given the difficulty in
mapping the Hβ line in this part of the spectrum, we fitted
[O II] and Hβ jointly with the CAMEL algorithm of Epinat
et al. (2012). The resulting [O II]/Hβ map shows no variations
along the galaxy major axis, but shows a possible gradient
along the galaxy minor axis: the ratio increases from 2.3±0.1
in the center to 3.0–4.0 at the edges. This could be due to
variations in ionization conditions or to systematic errors from
17 Our dust-corrected fluxes with the calibration of Pe´rez-Montero (2014)
yield a metallicity of 12+log O/H = 8.5±0.2, consistent within the errors
with our value, and log(N/O) = −1.3±0.3. Using our upper limit on [N II]
and [O II], we find an upper limit on the log(N/O) ratio of < −0.9 using
the Pe´rez-Montero & Contini (2009) calibration.
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the weaker Hβ line, which also appears to be more compact
(Table 5).
4.5. Galaxy Kinematics
In Figure 6, we compare the kinematic properties of the host
derived from Hα obtained with SINFONI (top two rows) to
those derived from [O II] obtained with MUSE (bottom two
rows). In this figure, the flux, velocity, and dispersion maps
are determined using the 2-dimensional line-fitting algorithm
LINEFIT and CAMEL for the Hα and [O II] data that are
described in Cresci et al. (2009) and Epinat et al. (2012), re-
spectively. CAMEL allows one to fit the two components of
the [O II] doublet simultaneously. This figure already shows
that the kinematics extracted from Hα and [O II] are consis-
tent with each other, and that the azimuthal angle of the quasar
apparent location α is ∼ 15◦ from the galaxy P.A.
In order to derive the kinematic parameters, we use the
GalPaK3D (v1.6.0) algorithm (Bouche´ et al. 2015) to fit di-
rectly the 3D data using small subcubes around Hα (SIN-
FONI), [O II], and Hβ (MUSE) after removing the galaxy
continuum emission using a linear fit. This algorithm fits a
3D parametric disk model to the emission-line data cube and
returns the best-fit values for each of the parameters. The al-
gorithm takes into account the PSF and the instrument line-
spread function (LSF), and thus returns the intrinsic (‘decon-
volved’) galaxy properties, such as half-light radius (R1/2),
total flux (ftot), inclination (i), maximum rotation velocity
(Vmax) and the disk velocity dispersion (σ). As described ex-
tensively in Bouche´ et al. (2015), it is particularly well suited
for extended objects when the size-to-seeing ratio is 0.5–1.0
or greater.
Here, since R1/2 is about 0.′′5 and the seeing conditions are
∼0.′′8 for SINFONI and ∼0.′′6 for MUSE, the size to seeing
ratio is 0.65–0.9. Hence, because it is close to the formal mar-
gin of∼ 0.75, it is particularly important to compare the kine-
matic results of SINFONI with those obtained with MUSE at
higher spatial resolution.
To model the galaxy, we used an exponential flux profile
I(r), i.e., with a Se´rsic index n = 1, and an arctangent ro-
tation curve v(r) ∝ arctan(r/rt) where rt is the turnover
radius. The output parameters do not change when we in-
stead use a Gaussian flux profile. Figure 6 shows the results
of the 3D fits to the data with the GalPaK3D algorithm, where
we show flux, velocity, and dispersion maps extracted from
the modeled data cube, convolved with PSF and instrument
resolution, for comparison purposes. The values for the mor-
phological and kinematic parameters are listed in Table 5.
From the Hα SINFONI data, as described in Schroetter
et al. (2015), the inclination (i) and half-light radius R1/2 are
well constrained and found to be i ≈ 60◦ and R1/2 ≈ 4 kpc,
regardless of the choice in the Se´rsic index.
For the [O II] MUSE data, we fit both lines of the [O II]
doublet at once, with a unique line ratio of 0.75 18. We found
again the inclination (i) and half-light radius R1/2 to be well
constrained at i ≈ 60◦ and R1/2 ≈ 4 kpc, regardless of the
choice in the Se´rsic index n. In other words, the morphologi-
cal parameters derived from [O II] are in good agreement with
the Hα derived values.
Regarding the kinematic parameters, we found that the
turnover radius rt is degenerate with the maximum rotation
velocity, as already noted in Schroetter et al. (2015) from the
18 A map of the line ratios performed by the linefitting algorithm reveals
that it varies slightly from 0.65 to 0.85, i.e. by no more than 15%.
Hα data. Hence, we set the turnover radius rt to 1.5 kpc
(∼1 spaxel), to satisfy the scaling relation between rt and the
disk exponentialRd found in local disk samples (Amorisco &
Bertin 2010), which is approximately rt ' Rd×0.9. For fixed
turnover radii rt = 1–2 kpc, we found that the maximum cir-
cular velocity Vmax is 100–110 km s−1 for [O II] and around
∼ 120 km s−1 for Hα. The intrinsic velocity dispersion is
found to be 30–40 km s−1. The other kinematic and morpho-
logical parameters determined from SINFONI and MUSE are
listed in Table 5.
We also applied the algorithm to the Hβ MUSE data
(shown in Figure 4). The values of the morpho-kinematic
parameters derived from the Hβ line are somewhat different
(Table 5) with the half-light radius R1/2 and Vmax parameters
being somewhat smaller. This is likely due to the fact that the
Hβ line lies at 9280 A˚ which is at the far end of the MUSE
spectral range (9300 A˚) where the throughput is much lower.
Underlying interstellar absorption in the Hβ profile may also
play a role 19.
From the galaxy size and maximum velocity, we estimate
its dynamical mass within its half-light radius to beMdyn(r <
R1/2) ≡ R1/2V 2max/G ≈ 2 ± 0.4 × 1010 M. Its halo mass
Mh is estimated to be Mh ≈ 1.9± 1.5× 1011 M using
Mh ≈ 2× 1011 V 3max,100 (1 + z)−1.51.909 M (1)
where Vmax,100 is the maximum rotation velocity in units
of 100 km s−1, and the redshift factor 1 + z is normal-
ized to 1.909. The corresponding halo virial radius Rvir =
Vmax/10/H(z) is Rvir ∼ 90Vmax,110 kpc, assuming Vvir =
Vmax.
4.6. Wind
In this last subsection, we return to Figure 4, where
the MUSE host galaxy spectra showed self-absorbed
Mg IIλλ2796, 2803 components. This Mg IIλλ2796, 2803
component is blueshifted with respect to the galaxy systemic
velocity, which is most easily explained by a wind being
launched from the galaxy (as in Weiner et al. 2009; Erb et al.
2012; Martin et al. 2012; Rubin et al. 2014; Bordoloi et al.
2014; Chisholm et al. 2014; Heckman et al. 2015; Wood et al.
2015, among others).
Our MUSE data also show indirect indications of Mg II and
Fe II emission. Indeed, the second panel of Figure 4 shows
clearly that the Mg IIλ2796 optical depth is lower than the
Mg IIλ2803 transition, a situation opposite from the expected
oscillator strengths, which are 0.6 and 0.3, respectively. This
is likely the result of Mg II emission infill as proposed by
Prochaska et al. (2011) and Scarlata & Panagia (2015) and
discussed in Erb et al. (2012). Our MUSE data also show
the presence of Fe IIλλ2587, 2600 absorption as shown in the
bottom panel in Figure 4. Here the Fe IIλ2587 optical depth
is higher than that of the Fe IIλ2600 transition, again oppo-
site from the expected oscillator strengths, which are 0.07
and 0.24, respectively (Erb et al. 2012). The wind scatter-
ing emission models of Prochaska et al. (2011) and Scarlata
& Panagia (2015) naturally account for these two apparent
anomalies, but they also predict prominent fluorescent emis-
sion Fe*λλ2612,2626 and Mg II emission profiles, as seen in
stacked spectra (Erb et al. 2012; Tang et al. 2014; Zhu et al.
19 Note that Hα interstellar absorption equivalent width is much smaller
than that of Hβ.
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FIG. 6.— Flux maps and kinematics from the Hα SINFONI (top rows) and the [O II] MUSE data (bottom rows). The first row shows the flux (in erg s−1 cm−2),
velocity (in km s−1), and dispersion (in km s−1) maps from the Hα SINFONI data (Schroetter et al. 2015). The second row shows the residual map (in units
of σ), flux, velocity and dispersion maps extracted from the 3D forward model (convolved with the PSF) whose parameters are determined using our GalPaK3D
algorithm (Bouche´ et al. 2015). The morpho-kinematics parameters of the model are found using the posterior distribution of the Monte Carlo Markov Chains.
The third and fourth rows show the same for the [O II] line. The resulting galaxy model is determined from Hα and [O II] are similar (see Table 4). In each panel,
the quasar PSF is represented by the solid contours.
2015) and in the individual cases of Rubin et al. (2011) and
Martin et al. (2013).
Our MUSE data reveal no signs of fluorescence emission
Fe II*λλ2612,2626 nor Fe II*2632, after median-smoothing
or summing over large apertures. This absence of direct
fluorescent emission signatures in the presence of resonant
Fe II and Mg II infilling can be explained by several argu-
ments (Prochaska et al. 2011). First, a large dust opacity
(τdust > 10) would suppress the emission, but this is not con-
sistent with our our low reddening values (E(B− V ) < 0.1).
Second, Prochaska et al. (2011) showed that the emission is
suppressed in an anisotropic wind (their Figure 9), where the
opening angle θw is much smaller than 45 ◦. Lastly, the emis-
sion signal may be hidden by the galaxy continuum, and our
data lack the required S/N to unveil the emission.
Another potential strong limitation of the Prochaska et al.
(2011) and Scarlata & Panagia (2015) models that may ex-
plain the absence of fluorescent emission originates in the
underlying assumption of a wind velocity that scales linearly
with distance v ∝ r1. If one relaxes this assumption and in-
stead uses an arctangent wind velocity profile v(r) motivated
by the results of Murray et al. (2005, 2011), which has a steep
acceleration profile (or a large velocity gradient) inside some
turnover radius, the spatial extent of the region of resonance
will be much smaller than the scale length of the wind itself.
Outside the turnover radius, where the wind velocity is con-
stant with radius, the Sobolev approximation breaks down be-
cause dv/dr ≈ 0, and dust re-absorption may play a much
larger role in spite of low reddening values. A full wind scat-
tering model is beyond the scope of this paper.
We now attempt to estimate the mass flux in the wind. In
the case of a mass-conserving flow, the mass outflow rate can
be estimated using this formula (Heckman et al. 2000, 2015)
M˙in(b)∝ΩoutNH rout Vout , (2)
≈0.3 Ωout,2 µ1.6 NH,20.4 rout,1 Vout,80 M yr−1
where Ωout is the wind solid angle, µ the mean particle
weight, NH the gas column density, rout the launch radius,
and Vout the wind speed. With blueshifted low-ionization
lines in galaxy spectra, only the wind speed is well con-
strained. As argued in Bouche´ et al. (2012) and Schroetter
et al. (2015), the launch radius rout is the most uncertain in-
gredient of Eq. 2.
We can estimate the wind speed Vout from the blueshifted
Mg II absorption in the galaxy spectra. Using a Gaussian fit
to the Mg IIλ2803 component (or two Gaussians to the dou-
blet), we find a Doppler offset of−45±15 km s−1. However,
the Mg II absorption harbors a significant component from the
ISM at zero velocity. Hence, performing a double-Gaussian
fit to the absorption representing the ISM 20 and the wind
20 Because such a double-Gaussian fit is highly degenerate, we fix the ISM
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components (as in Martin et al. 2012; Kacprzak et al. 2014)
shown in Figure 4, we find that the wind speed (at peak op-
tical depth) is about Vout ≈ −80 ± 15 km s−1. This is the
bulk velocity where most of the optical depth is, but the Mg II
profile (and the Fe IIprofile) shows absorption up to approxi-
mately −150 km s−1. For a bi-conical flow, this wind speed
represents the flow speed along any radial trajectories, but if
the absorption originates from regions close to the disk where
the flow is more cylindrical, Vout ought to be corrected for the
galaxy inclination (cos i) and would be -160 km s−1 since the
galaxy inclination is ∼ 60◦.
Following Leitherer et al. (2013), Wood et al. (2015), and
Heckman et al. (2015), one can estimate the hydrogen col-
umn density using the gas-to-dust ratio and the relationship
between NH and reddening (e.g. Bohlin et al. 1978; Diplas &
Savage 1994; Me´nard & Chelouche 2009),
N(H) = 4.9× 1021 × E(B − V ) cm−2, (3)
which with our estimate of E(B − V ) ∼ 0.1 leads to a to-
tal gas column density of NH ∼ 5 × 1020 cm−2. As ar-
gued in Wood et al. (2015), this value represents an upper
limit on the column density, as the extinction traces the col-
umn density to the star cluster and thus likely includes con-
tributions from gas in both the disk and the wind. Another
lower limit comes from the Mg II rest-frame equivalent width
W 2796r ∼ 3.5A˚ (Table 3), which implies a column density
> 2× 1020 cm−2 from the Me´nard & Chelouche (2009) col-
umn density-Mg IIequivalent width correlation, i.e. at least
about 40% of the column density is in the wind.
Regarding the wind solid angle Ωout, we use the now firmly
established result that winds appear well collimated (Bordoloi
et al. 2011; Bouche´ et al. 2012; Kacprzak et al. 2012; Martin
et al. 2012; Rubin et al. 2014; Bordoloi et al. 2014; Zhu et al.
2014). These constraints on the opening angle θout show that
it is on average ≈ ±30◦. In our galaxy, θout cannot be mea-
sured directly, although an indirect constraint comes from the
emission infill discussed above, which indicates that θout is
much smaller than 45◦. Overall, the total wind solid angle
Ωout is ≈ 2, for both sides of a bi-conical flow, with likely
values ranging from 1.7 to 3.9 for θout ranging from 30◦ to
45◦.
As mentioned, the launch radius rout is the most uncertain
ingredient in Equation 2 from blueshifted absorption lines.
Some authors take a fixed value of 5 kpc (e.g. Rupke et al.
2005; Weiner et al. 2009; Chisholm et al. 2014), while others
assume rout = 2 × R1/2 (e.g. Heckman et al. 2015). How-
ever, it could be 0.5 kpc or 5 kpc, as blueshifted absorption are
rather unable to distinguish these possibilities. Here we take
the conservative point of view that the wind is launched not
far from the disk with rout of 1 kpc, which is the typical thick-
ness for high-redshift galaxies (e.g. Elmegreen & Elmegreen
2006).
With these assumptions, the mass outflow rate M˙out for the
wind seen in this galaxy is about M˙out ≈ 0.3 M yr−1. A ro-
bust upper limit comes from the maximum allowed range for
the column density (NHmax = 4.9×1021 cm−2), (Ωout,max =
3.9) and rout,max = 5 kpc, and the mass outflow rate M˙out
is at most < 6 M yr−1. With the considerable uncertainties
in the allowed values for θout and rout, the mass outflow rate
M˙out is most likely between 0.2 and 6 M yr−1.
component at v = 0 km s−1, and set its width to 35 km s−1, a value taken
from the nebular line emissions.
TABLE 6
UVES ELEMENT ABUNDANCES
Element Data/Method NX [X/H]
(cm−2)
H I HST/COS 20.4 ± 0.4 n.a.
Mg I VLT/UVES 13.11±0.07 n.a.
Mg II VLT/UVES ≥ 15.65a ≤ −0.3 ± 0.4
Fe II VLT/UVES 15.26 ± 0.03 −0.6 ± 0.4
Si II VLT/UVES 15.57 ± 0.07 −0.3 ± 0.4
Zn II VLT/UVES 12.91 ± 0.07 −0.1 ± 0.4
Cr II VLT/UVES 13.43 ± 0.04 −0.6 ± 0.4
Mn II VLT/UVES 13.08 ± 0.03 −0.7 ± 0.4
Ti II VLT/UVES 12.58 ± 0.05 −0.8 ± 0.4
Al III VLT/UVES 13.53 ± 0.03 —
logZ/Z Jenkins09 -0.38 ± 0.12 —
F? Jenkins09 -0.35 ± 0.09
AV (mag) Vladilo06 0.07
E(B − V ) Vladilo06 0.02
aLimit from the Mg II doublet ratio R ≤ 1.07 following Jenkins (1996)
and Weiner et al. (2009) given that W 2796r = 2.8 ± 0.1 A˚ and W 2803r =
2.6± 0.1 A˚.
5. PROPERTIES OF THE CIRCUMGALACTIC MEDIUM
5.1. Line-of-sight Abundances
We now turn to the analysis of the kinematics of the circum-
galactic medium (CGM) seen in absorption against the back-
ground quasar. From the VLT/UVES high-resolution spec-
tra of the quasar, we constrain the abundances in several ele-
ments including Zn, Fe, Si, Cr, Mn, and Ti. Figure 7 shows
each of these elements, and Table 6 summarizes our measure-
ments. We used Carswell’s VPFIT program (v9.5; Carswell
et al.: http://www.ast.cam.ac.uk/˜rfc/vpfit.
html) to perform a joint fit to all of the ions, where compo-
nents in common between two species have the same redshift
and Doppler parameters (b-values), to constrain the total col-
umn density in each element NX .
From our HST/COS spectra of the Lyα absorption, we fit-
ted the H I Voigt profile and found the column density con-
straint to be logNH I(cm−2) = 20.4±0.4 (Figure 8). Taking
the Zn column density and the H I column density from the
COS spectra, the absorbing gas metallicity is about [Zn/H] =
−0.1± 0.4, assuming no dust depletion. From the Fe and Zn
column densities, we estimate the dust content in the quasar
sightline to be at AV = 0.07 using the method proposed by
Vladilo et al. (2006).
While Zn is the least depleted element, it may still be de-
pleted onto dust grains. Indeed, Jenkins (2009) showed that
in Milky Way interstellar sightlines, the observed ion metal-
licity [X/H]obs of element X (including Zn) can be described
with the linear relation [X/H]obs = [X/H]0 + AX F?, be-
tween the undepleted metallicity of element X , [X/H]0, the
propensity of that element to be depleted onto dust grains
AX , and the depletion level F?. Jenkins (2009) calibrated
the propensity AXs and the zero points [X/H]0 such that the
depletion level F? usually ranges from 0 to 1 in local ISM
sightlines, although some sightlines have negative values in
regions with low gas densities n(H) < 10−2 cm−3, as shown
in their Fig. 16. With multiple ions of different propensity
AX , this set of linear equations (one for each element) can
be solved for a unique metallicity Z and a unique F? (Jenk-
ins 2009). Furthermore, in the absence of a measurement of
the H column density, one can also fit simultaneously for the
depletion factor F? and for the total gas plus metal column
density logNH I/cm−2 + logZ/Z.
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FIG. 7.— Metal absorption lines detected in the VLT/UVES spectrum toward the background quasar (solid black lines). The fit to the multicomponent
absorption system is shown in green for each transition. Red tick marks indicate the position of the individual components. Note that the Zn IIλ2062 transition
is blended with Cr IIλ2062, and tick marks indicating components for Cr IIλ2062 are shown in orange. Zero velocity is relative to the galaxy systemic redshift,
0.9096 ± 0.0001.
FIG. 8.— H I profile from an HST/COS G230L NUV spectrum, where the
best-fit H I column density is found to be logNH I/cm−2 = 20.4±0.4. The
shaded area represents the allowed range in NH I .
Using the Jenkins (2009) approach, Figure 9 shows that
a joint fit to the ion abundances (Ti, Cr, Fe, Si, Mn, Zn)
including the H I column density of 20.4 (Table 6) yields a
metallicity of logZ/Z = −0.38 ± 0.12 and a low value of
F? = −0.35 ± 0.12, which is consistent with the low ex-
tinction value 21. Hence, the gas metallicity probed by the
background quasar at b = 12 kpc from the galaxy is about 0.4
Z (−0.4 dex), albeit with large uncertainties dominated by
the uncertainties on the H I column density (0.4 dex).
As discussed earlier, the metallicity of the host from the
nebular lines in our MUSE and SINFONI data is about solar
(12+log O/H = 8.7), implying that the metallicity of the gas
21 As noted earlier, this negative value for the depletion level occurs in
some sightlines in the Milky Way ISM in regions with gas densities n(H) <
10−2 cm−3 lower than the mean of the Milky-Way sample.
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FIG. 9.— Top: ion abundances for the Zn, Cr, Fe, Ti, and Mn elements
present in the QSO UVES spectrum as a function of AX (the dust propen-
sity factor). Bottom: the linear fit to the global metallicity logZ/Z where
the dust depletion factor F? = −0.35 ± 0.1 is given by the slope and
logZ/Z = −0.38 ± 0.12 is determined from the intercept using the
method proposed by Jenkins (2009).
probed by the quasar line of sight 12 kpc away could be less
enriched than that of the host, given the uncertainties. More
importantly, the absorbing gas appears to be highly enriched
compared to the IGM metallicity of logZ/Z ' −2 or less
(e.g. Songaila 2001; Carswell et al. 2002; Schaye et al. 2003;
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Aguirre et al. 2004, 2008; Simcoe et al. 2004; Pieri et al. 2010,
2014; Shull et al. 2014), which implies that significant mixing
must have occurred with recycled gas from past outflows.
5.2. Line-of-sight Kinematics
We now investigate the absorption line-of-sight kinemat-
ics using the least saturated low-ionization line Mg I. Fig-
ure 10(a) shows the low-ionization Mg I kinematic profile
around the systemic velocity for the host redshift zsys =
0.9096 ± 0.0001. The profile clearly shows a strong com-
ponent at +60–70 km s−1, with other weaker components at
intermediate velocities, from −50 to +50 km s−1. There is
an additional component at −100 km s−1.
As discussed in th next subsection, we can gain insights
into the nature of the absorbing gas by comparing the line-
of-sight kinematics (with respect to the host galaxy kinemat-
ics) to simple models. Such analyses are powerful, but have
only been possible in very few cases, such as in Steidel et al.
(2002), Bouche´ et al. (2012, 2013), Kacprzak et al. (2010,
2014), and Schroetter et al. (2015) with background quasars
and in Rubin et al. (2010) and Diamond-Stanic et al. (2015)
with a bright background galaxy. This analysis requires good
constraints on the galaxy systemic redshift and on the galaxy’s
relative orientation with respect to the quasar sightline. For-
tunately, all of these conditions are met in this study.
5.3. Interpretation of the Line-of-sight Kinematics
The absorption seen in the quasar line of sight shown in
Figure 10(a) could arise in the following physical situations:
• it could be due to the low-ionization component of the
outflow (scenario A);
• it could be due to the extended parts of the ISM of the
host (scenario B);
• it could be due to infalling cold gas cooling isotropi-
cally from a hot halo (scenario C) akin to high-velocity
clouds;
• it could be due to infalling gas with significant angular
momentum forming a “cold-flow disks” (scenario D).
An additional scenario often invoked with quasar absorption
lines is the invisible satellite possibility. This scenario can
never be ruled out in an individual quasar–galaxy pair, but
from intervening Mg II statistics, this is the least likely pos-
sibility. Indeed, the cross section of satellites is too small to
account for the large dN/dz for strong Mg II systems, as ar-
gued in Martin (2006).
Before looking at the line-of-sight kinematics, the quasar
apparent location does provide tight constraints to distinguish
between the three possibilities outlined earlier. Indeed, the
quasar apparent position is located at an azimuthal angle of
only α = 15◦ from the galaxy major axis, i.e. the appar-
ent background quasar is almost perfectly aligned with the
galaxy’s major axis (Figures 2 & 11).
The low azimuthal angle α gives a tight constraint on the
outflow scenario “A.” In order for the line of sight to intersect
a bi-conical outflow, the outflow opening angle θout ought to
be much larger than > 60◦, i.e. be almost isotropic, given
the galaxy inclination i ∼ 60◦. This possibility is not sup-
ported by the statistical results in the literature and by our
data, as discussed in Section § 4.6. Furthermore, a simple bi-
conical flow model —which has been successful in reproduc-
ing absorption profiles in Bouche´ et al. (2012); Kacprzak et al.
(2014); Schroetter et al. (2015)— would produce absorption
at a single speed because the line-of-sight is almost entirely
radial, and thus it would not account for the velocity range
observed in the low-ionization profile shown in Figure 10(a).
Hence, we rule out the wind scenario “A.”
The low azimuthal angle α also gives a tight constraint
on the extended ISM scenario “B,” since the projection ef-
fects are minimized along the kinematic major axis. Fig-
ure 11 shows that, at the quasar location (∆R.A= +1.′′38,
∆decl.= +0.′′84), the projected line-of-sight velocity is Vz =
+65 km s−1, from the modeled intrinsic (‘deconvolved’) ve-
locity field determined by our 3D fitting algorithm GalPaK3D.
Figure 10(a) shows that the maximum optical depth occurs at
∼ 60 km s−1, i.e. is consistent with the extended parts of the
ISM velocity field. However, the intermediate-velocity com-
ponents are not accounted for under this scenario.
We now investigate whether infalling cloud scenarios, with
either an isotropic or anisotropic distribution, could account
for the intermediate-velocity components at−50 to 50 km s−1
in Figure 10(a). Any isotropic distribution for clouds in a
galaxy halo would produce symmetric velocity distributions,
which is not supported by our data. There are two addi-
tional arguments against this isotropic scenario. First, the H I
column density is too large (logNH I = 20.4 cm
−2) com-
pared to the typical column density in high-velocity clouds
(∼ 1018 cm−2), as discussed in Wakker (2004) and Lehner
et al. (2012) and all have logNH I < 20.2 (Herenz et al.
2013). Second, our system has an Mg II rest-frame equivalent
width of W 2796r ∼ 3.5 A˚, whereas the typical high-velocity
cloud has a rest-frame equivalent width of W 2796r of 0.3–1 A˚
(Herenz et al. 2013). Lastly, it has been shown by several
groups that the strong Mg II systems with W 2796r > 0.8 A˚
are not virialized in their host halo (e.g. Bouche´ et al. 2006;
Gauthier et al. 2009; Lundgren et al. 2009).
On the other hand, the intermediate components are qual-
itatively similar to the features expected for anisotropic gas
accretion inside halos. In particular, most numerical hydro-
simulations (Dekel et al. 2009; Fumagalli et al. 2011; Stew-
art et al. 2011a,b; Goerdt et al. 2012; Shen et al. 2013) have
shown that accreting material is expected to co-rotate with the
central disk in the form of a warped, extended cold gaseous
“disk” whose absorption kinematic signatures should follow
roughly the rotation direction but offset from the galaxy’s sys-
temic velocity (Stewart et al. 2011b). Such rotating gaseous
structures are found in the local universe with the large H I
disks present around diverse types of galaxies, e.g. around the
M81 massive galaxy (Yun et al. 1994), the M33 low surface
brightness disk (Putman et al. 2009), and M83 (Huchtmeier &
Bohnenstengel 1981; Bigiel et al. 2010), among others. Fur-
thermore, the H I column densities in the outer parts of these
systems are well within the range of our observations.
In summary, the intermediate-velocity components of our
absorption kinematic profile could be due to an extended cold
gaseous “disk” (sometimes referred to as cold-flow disk), and
the largest optical depth component at V ∼ +60 km s−1 is
likely due to the extended parts of the galaxy ISM. We now
turn towards a more detail modeling analysis of the line-of-
sight kinematics.
5.4. Line-of-sight Kinematics Model
In order to assess whether these qualitative signatures are in
agreement with the expectations for an extended cold gaseous
structure, we used a simple geometrical toy model to generate
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simulated absorption profiles, as in Bouche´ et al. (2013). In
the model, we distribute “particles” representing gas clouds
in a co-planar structure (following the host galaxy’s inclina-
tion) with predetermined kinematics. The model is composed
of two components, one with circular orbits whose velocity
is set by the galaxy rotation curve, and one with radial orbits,
representing an accretion component. Because the galaxy ori-
entation (galaxy inclination, P.A.) relative to the quasar is well
determined from the IFU data, the only free parameter is the
inflow speed at the quasar impact parameter (b = 12 kpc).
The resulting absorption profile simulated at the UVES res-
olution is shown in Figure 10(a) and agrees qualitatively with
the data. The component resulting from the galaxy’s rotation
is shown in red, and the component from the radial inflow is
shown by the blue line. We found that an inflow speed of ∼
100 km s−1 reproduces the profile shape, except for the com-
ponent at −100 km s−1, which likely has a separate origin.
We can estimate the gas column density in the intermediate-
velocity components using the optical depth profile of the
least depleted low-ionization element Zn, or equivalently us-
ing the depletion model of Jenkins (2009) on the Zn, Cr,
Fe, Si, and Mn column densities measured in three kinemat-
ically defined sub-regions, labeled 1–3 in Figure 10(b). The
region “1” is defined from the components at ∆V < −50
km s−1. The region “2” is defined around the components at
−50 < ∆V < 50 km s−1, and region “3” is defined with
50 < ∆V < 80 km s−1 corresponding to the galaxy rotation.
Figure 10(b) shows that the depletion factor F? and total
gas plus metal column density logNH I/cm−2+logZ/Z are
different in the three subregions. The top panel shows that the
depletion level seems the lowest in the accretion region (zone
2), consistent with this gas being the least processed. The
bottom panel shows that, provided that the metallicity does
not vary across the profile significantly, about 70% of the total
column density (19.90 of the total 20.05 in logNH I/cm−2 +
logZ/Z) is carried by the middle zone “2,” corresponding
to the accretion zone. With a metallicity of -0.4 dex, the gas
column density in this zone is then logNH I/cm−2 ' 20.3.
Note that that this 70% fraction is found also using the Zn
column density and a uniform metallicity.
With this column density estimate of logNH I/cm−2 '
20.2 and the inflow speed of Vin ≈100 km s−1, we can es-
timate the mass flux rate Min(b) in this component from the
following arguments following Bouche´ et al. (2013). For a
gaseous structure of thickness hz and mass density ρ that is
intercepted at the quasar impact parameter b, the (radial) ac-
cretion flux M˙in through an area of 2pib hz is
M˙in(b) = 2pib Vin cos(i)mpµNH, (4)
where i is the inclination of the structure, NH is the total
gas column, µ is the mean molecular weight, mp is the pro-
ton mass, and we used the identity mpµNH =
∫
dzρ(b) =
ρ(b)hz/ cos i. In our case,
M˙in(b)≥8 µ
1.6
NH
1020.3
b
12
Vin
100
cos(i)
0.5
M yr−1 (5)
where NH is the gas column density (cm
−2), b the quasar
impact parameter (in kpc), and Vin the inflow velocity
(in km s−1) and i the galaxy inclination. Because we are
unable to constrain the ionization state of each of the com-
ponents, this mass flux is strictly a lower limit.
6. DISCUSSIONS
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FIG. 10.— (a) The top panel shows the VLT/UVES spectrum of the Mg I
line as a function of the line-of-sight velocity from the systemic redshift
zsys =0.9096 ± 0.0001. The bottom panel shows two simulated profiles
(see text), one representing the absorption from a thin disk (red), and the
other representing an inflowing model (blue) with Vin = 100 km s−1.
The grey band shows the expected line-of-sight velocity of +65 km s−1 at
the quasar location determined from the velocity field shown in Figure 11.
There is good qualitative agreement between the simulated spectrum and
the Mg I profile. (b) The depletion F? (top) and the total column density
logNH I/cm−2+logZ/Z (bottom) determined from the Zn II, Cr II, Fe II,
Si II and Mn II column densities in three different zones (labeled 1 to 3) show-
ing that region 2 has the largest column density and the lowest depletion fac-
tor F?.
6.1. Accretion rate
As argued in § 5.3, the most likely physical interpretation
for the intermediate-velocity components in the line-of-sight
absorption profile is that of an extended gaseous structure co-
planar with the host galaxy similar to several local examples,
such as M33, M81, and M83 (Huchtmeier & Bohnenstengel
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FIG. 11.— Modeled galaxy velocity field obtained from the VLT/MUSE
[O II] data (Figure 6). The contours show the intrinsic flux profile at 50, 150,
and 500 ×10−20erg s−1 cm−2 arcsec−2. The quasar location at ∆α =
+1.′′38 and ∆δ = +0.′′84 is shown by the filled black circle. The circle of
radius r = 1” surrounding the quasar is to scale with respect to the circles
shown in Figure 2 and its insets.
1981; Yun et al. 1994; Putman et al. 2009; Bigiel et al. 2010).
In the previous section, we estimated that the minimum gas
accretion rate given by Equation 5 is comparable to the SFR.
In this context, it is of interest to compare this estimate to the
expected theoretical gas accretion rate. In low-mass galaxies
with halo mass below Mh ≤ 1012 M, the cooling time is
much smaller than the dynamical time (Birnboim & Dekel
2003; Keresˇ et al. 2005; Dekel & Birnboim 2006), and the
maximum theoretical gas accretion rate might be given by the
growth rate of the dark matter halo M˙DM times the baryonic
fraction fB modulo an efficiency in.
Our galaxy toward J1422−00 has a halo mass of Mh ≈
2 × 1011 V 3max,110 M, and using the theoretical expectation
for the DM accretion rate M˙DM from Genel et al. (2008) or
Birnboim et al. (2007), the quantity fB × 〈M˙DM〉 is ≈ 4 M,
consistent with our accretion rate M˙in estimate. Hence, our
mass accretion rate estimate and the maximum theoretical gas
accretion rate are comparable, which would imply that the ac-
cretion efficiency is near 100%, with the caveat that 〈M˙DM〉
is a time (or population) averaged quantity, which can have
substantial scatter (0.3 dex) while our measurement is an in-
stantaneous quantity.
We can look at the accretion efficiency from the point of
view of the steady-state solution of the ‘bathtub’ (Bouche´
et al. 2010) or ‘regulator’ self-regulator model Lilly et al.
(2013) given that we have simultaneous constraints on accre-
tion and outflow rates. As shown in Bouche´ et al. (2010) and
many others since (Dave´ et al. 2012; Krumholz et al. 2012;
Lilly et al. 2013; Feldmann 2013, 2015; Dekel & Mandelker
2014; Forbes et al. 2014; Peng & Maiolino 2014), galaxies at
z > 4 can be thought of as a simplified gas regulator where
there is a balance between the SFR and the gas accretion rate.
The equilibrium solution can be written as
SFR ≈ infB
1 +R+ η
M˙DM (6)
where R is the gas returned fraction (from massive stars)
under the instantaneous recycling approximation and η the
loading factor from stellar feedback. Our galaxy toward
J1422−00 has an SFR of 4.7± 2.0 M yr−1 and a mass out-
flow rate Mout ≈ 0.2–6 M yr−1, yielding a mass loading
factor at most unity η ≤ 1, and together these numbers imply
that (1 + R + η)×SFR is at least (with η = 0) > 6 M yr−1
and at most (with η = 1) 11 M yr−1. Together, with the
maximum theoretical accretion rate fB × 〈M˙DM〉 ≈ 4 M,
the accretion efficiency ought to be high, near 100%.
In all, our results indicate that the accretion efficiency is
high at in ≈ 1.0, regardless of the loading factor η, in agree-
ment with the theoretical expectation of Dekel & Birnboim
(2006) and with the empirical measurements of Behroozi et al.
(2013).
6.2. Angular Momentum under the Cold-flow Disk
Interpretation
A critical question for these extended gaseous disks is how
much angular momentum they carry as discussed in Stewart
et al. (2013) and Danovich et al. (2015) compared to that of
the disk. We use the common definition of the spin parameter
(e.g. Bullock et al. 2001),
λ ≡ j√
2Rvir Vvir
, (7)
where j is the specific disk angular momentum J/M .
As discussed in Mo et al. (1998), the relation between
disk scale length Rd and the disk spin λ parameter is Rd ∝
λRvirH(z)
−1, where the proportionality constant depends
on the dark matter profile. Using an isothermal profile, we
find λgal = 0.047 (Eq. 12 of Mo et al. 1998). Using a Navarro
et al. (1997) (NFW) profile, we estimate λgal to be 0.04–0.05,
over a wide range of the disk baryon fraction (ranging from
0.01 to 0.1). Without direct measurement of the stellar mass,
we can use the baryonic Tully-Fischer relation (TFR) to es-
timate the baryon fraction. Using the baryonic TFR for in-
termediate redshifts galaxies (Contini et al. 2015, and refer-
ences therein), we find that Mbar ≈ 5 × 109 M, yielding
a baryonic fraction of Mbar/Mh = 0.025, i.e. two to three
percent, a value consistent with the halo-abundance matching
techniques (e.g. Moster et al. 2010; Behroozi et al. 2013).
The angular momentum of the cold-flow disk is harder to
estimate without a direct size constraint, but we can place
useful limits. Since the gas is traced 12 kpc away from the
galaxy center, a distance corresponding to three times the
half-light radius or 0.15 × Rvir, assuming the virial relation
Rvir ∼ 90Vmax,110 kpc at z ∼ 1, we find that the gaseous
disk carries 50% more angular momentum than that of the
galaxy, which has R = 4 kpc and Vmax = 110 km s−1. Simi-
larly, the spin parameter of the cold-flow disk λcfd is estimated
to be λcfd > 0.06 since the ratios between spin parameters
and specific angular momenta are identical in a given halo
(Eq. 7. This limit on the cold-flow disk angular momentum is
consistent with the theoretical expectation of Danovich et al.
(2015), where the baryons within 0.3 Rvir have 2–3 times the
galaxy angular momentum.
7. CONCLUSIONS
We presented results on a single quasar–galaxy pair to-
ward the quasar SDSS J142253.31−000149 selected from our
SIMPLE survey (Paper I) which consisted of searching for
the host galaxies around strong (Wλ2796r >2 A˚) z ∼ 0.8–1.0
Mg II absorbers selected from the SDSS database. The back-
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ground quasar location is 1.′′4 away (12 kpc) from the host and
is situated about 15◦ from the galaxy’s major axis.
In summary, thanks to our new VLT/MUSE data and
our ancillary SINFONI data, we found that the zsys =
0.9096 ± 0.0001 host galaxy of this galaxy–quasar pair
• is isolated with no neighbors within 240 kpc down to a
SFR of 0.22 M yr−1 (5σ), as shown in Figure 2;
• has a dust-corrected SFR of 4.7±2.0 M yr−1, using a
Chabrier (2003) IMF, and a small amount of extinction
E(B − V ) = 0.1± 0.1 mag;
• has a solar metallicity (12 + log O/H = 8.7 ± 0.2)
from an analysis of the nebular emission lines detected
in MUSE ([O II], Hβ) and SINFONI (Hα), as shown in
Figure 5;
• has a maximum rotation velocity of Vmax ' 100 ±
10 km s−1, corresponding to a halo mass of Mh '
2×1011 M or to a 0.1 L? galaxy, and an inclination of
about i ≈ 60◦ simultaneously determined through 3D
modeling (Figure 6);
• has a wind with an estimated mass outflow rate of
0.5–5 M yr−1 (i.e. a loading factor η ≤ 1) from
the blueshifted (by vout = −80 ± 15 km s−1) low-
ionization absorptions (Mg II and Fe II) in the MUSE
galaxy spectrum (Figure 4). The doublet line ratios in-
dicate emission infilling (Prochaska et al. 2011), but the
MUSE data do not show fluorescent emission down to
≈ 5× 10−18 erg s−1 cm−2 arcsec−2 (3σ).
In addition, we confirmed the SINFONI results (Paper II;
Figure 11) that showed that the quasar is located at an az-
imuthal angle of α ≈ 15 ◦ from the galaxy major axis, which
makes it very well suited to investigate the presence of ex-
tended gaseous structures. The analysis of the quasar absorp-
tion profile obtained with the VLT/UVES spectrograph shows
• distinct signatures of co-planar gas that appears to be
co-rotating with the host galaxy, but at a speed lower
than the rotation velocity (Figure 10a) from the low-
ionization metal absorption lines;
• that the metallicity of the absorbing gas is estimated at
about logZ/Z = −0.4 ± 0.4 (0.4 Z; Figures 7 and
9) globally across the profile 22, which is much larger
than the IGM metallicity of logZ/Z = −2 for fresh
infalls, implying a significant amount of recycling.
We discussed various interpretations of these absorption
signatures (in § 5.3) and argued that the most likely inter-
pretation is one that is analogous to large H I gas disks seen
in the local universe, which can extend 2–3 times larger than
the half-light radius. In numerical simulations, such struc-
tures can appear at significant look-back times and are some-
times referred to as “cold-flow disks” (Stewart et al. 2011a,
2013). In this context, we estimated that the amount of in-
falling/accreting material is ≥ 8 M yr−1 (Eq. 5), i.e. about
two times larger than the SFR. By comparing the estimate of
the gas accretion rate and the expected gas inflow rate for a
halo of 2× 1011 M, we find that the accretion efficiency in
is ≈ 1.0 for wind loading factors η ≤ 1. Finally, we find that
the angular momentum of the co-planar structure is at least
50% larger than that of the galaxy given the minimum extent
of this structure.
Similar cases appeared recently in the literature. There is
our work (Bouche´ et al. 2013), which showed observational
signatures similar to ones presented here in a z = 2.3 galaxy,
and there are the recent IFU observations of a giant Lyα emit-
ting filament by Martin et al. (2015) around a high-redshift
quasar (Cantalupo et al. 2014) which provide possible evi-
dence for kinematics compatible with a larger (220 kpc in ra-
dius) gaseous rotating disk. The similarity between the kine-
matics of these gaseous structures and those of some hydro-
dynamical simulations (Stewart et al. 2011a; Shen et al. 2013;
Danovich et al. 2015) and the evidences provided in the cur-
rent study suggest that these structures may not be uncommon
in the high-redshift Universe.
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